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IMPACT OF THE PROPOSED I-326 CROSSING
ON THE 500-YEAR FLOOD STAGES OF THE
CONGAREE RIVER NEAR COLUMBIA, SOUTH CAROLINA

By Curtis S. Bennett III
ABSTRACT

A two-dimensional finite-element surface-water flow modeling system based
on the shallow-water equations was used to study the hydraulic impact of the
proposed Interstate Route 326 crossing of the Congaree River near Columbia,
South Carolina on the 500-year flood. The rapid expansion of the flood plain
of the Congaree River upstream from the proposed highway crossing, a dike
system on the left bank, and highly variable roughness combine to cause
significant lateral velocities and variations in stage during floods. Thus,
use of a two-dimensional model was required to adequately describe the
hydraulic impact of the Interstate crossing.

Infrared aerial photography was used to define regions of homogeneous
roughness in the flood plain. Finite-element networks approximating
flood-plain topography were designed using elements of three roughness types.
High-water marks established during an 8-year flood that occurred in October
1976 were used to calibrate the model.

The 500-year flood (630,000 cubic feet per second) was simulated using
the dike on the left bank as the left boundary and the right edge of the flood
plain as the right boundary. Simulations were performed without and with the
proposed highway embankments in place. Detailed information was obtained
about backwater effects upstream from the proposed highway embankments,
changes in flow distribution resulting from the embankments, and velocities in
the vicinity of the bridge openings.

The results of the study indicate that the four bridge openings in the
right flood plain should be adequate to handle the 500-year flood flow. Forty
percent of the flow passes through the main channel bridge. The remaining
60 percent of the flow passes through the three overflow bridges. Average
velocities in the bridge openings ranged from 3.4 feet per second to 6.9 feet
per second with a maximum vertically averaged velocity of 9.3 feet per second
occurring at the right edge of one of the overflow bridges. Backwater created
by the highway embankments in the flood plain varies from 0.4 foot upstream of
the main channel bridge to 1.2 feet on the downstream side of a large island
in the flood plain. '



INTRODUCTION

A two-dimensional finite-element surface-water flow modeling system based
on the shallow-water equations was used to study the hydraulic impact of the
Interstate Route 326 crossing of the Congaree River flood plain near Columbia,
S.C. for the discharge and stages associated with the 500-year flood. A
prior report by Lee and Bennett (1981) used an earlier version of this model
to evaluate the stage and flow distribution of a flood discharge equal to the
flood of record (1908 flood). The discharge of the flood of record is
approximately equal to the computed discharge of the 100-year flood.

The rapid expansion of the flood plain of the river upstream from the
proposed highway crossing, the dike system on the left bank, and highly
variable roughness combine to cause significant lateral velocities and
variations in stage during floods. A sewage disposal plant and a subdivision
are located in the flood plain above the proposed highway crossing. These
features create a complex system that requires the use of a two-dimensional
model to obtain a more precise evaluation of stage and flow distribution in
the study area than can be obtained by one-dimensional backwater and
conveyance techniques.

The assistance of the following individual and organizations in making
data available for this study is gratefully acknowledged: W. H. Hulbert,
South Carolina Department of Highways and Public Transportation; and the U.S.
Army Corps of Engineers.

Throughout this report, the words "right" and "left" refer to positions
that would be reported by an observer facing downstream. Elevations refer to
NGVD (National Geodetic Vertical Datum) of 1929. A list of factors for
conver ting inch-pound units to metric units is provided at the front of the
report. All data supporting the conclusions of this report are available in
the files of the South Carolina District office of the U.S. Geological Survey
at Columbia, S.C.

MODEL DESCRIPTION

The core of the modeling system FESWMS, which is under development by the
Geological Survey, is a two-dimensional finite—element surface-water flow
model based on the work of Norton and King (1973), Norton and others (1973),
Tseng (1975), King and Norton (1978). Around this core the Geological Survey
has developed pre- and postprocessing programs which make the system
accessible to the user. Preprocessing programs place input data in an
appropriate form for the flow model and plot maps of finite-element networks
and associated data. Postprocessing programs plot maps of velocity vectors,
water-surface contour lines, lines of egual backwater and drawdown, discharge
at specified cross sections, and observed high-water marks.

The formulation and development of the flow model have been reported
elsewhere; therefore, only the eguations solved and a brief outline of the
technique used to solve them are presented here.



Flow Equations

Under the usual assumptions (for example, hydrostatic pressure and
momentum correction factors of unity), two-dimensional surface-water flow in

the horizontal plane is described by three nonlinear partial-differential
equations, two for conservation of momentum and one for conservation of mass
(Pritchard, 1971):
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Cartesian coordinates in the positive east and
north directions, respectively (feet),

depth-averaged velocity components in the x- and

y-directions, respectively (feet per second),

(nondimensional),

(degrees).

density of water (assumed constant) (slugs per
rate of the Earth’s angular rotation (per seconds),

gravitational acceleration (feet per square seconds),
Chézy coefficient (feet to the one-half power per

yy = eddy viscosities (pound second per square foot),
water-surface resistance coefficient,

= local wind velocity (feet per second), and,
angle between the wind direction and the x-axis



The two-dimensional surface-water flow equations account for energy
losses through two mechanisms: bottom friction and turbulent stresses. The
Chezy equation for bottom friction in open-channel flow is extended to two
dimensions for use in egquations 1 and 2. Equations 1 and 2 also use
Boussinesq's eddy-viscosity concept, which assumes the turbulent stresses to
be proportional to the mean-velocity gradients.

Boundary conditions consist of the specification of flow components or
water-surface elevations at open boundaries and zero flow components or zero
normal flow (tangential flow) at all other boundaries, called lateral
boundaries. For a time-dependent problem, initial conditions must also be
specified. Equations 1 through 3, together with properly specified initial
and boundary conditions, constitute a well-posed initial-boundary-value
problem.

Numerical Solution of the Flow Equations

Quadratic basis functions are used to interpolate velocity components,
and linear basis functions are used to interpolate depth on triangular,
six-node, isoparametric elements (mixed interpolation). Model topography is
defined by assigning a ground-surface elevation to each element vertex and
requiring the ground surface to vary linearly within an element.

The finite-element model requires the specification of a constant Chezy
coefficient, C, and a constant symmetric turbulent-exchange, or eddy-
viscosity, tensor, e, over each element. Nonisotropic turbulent stresses can
be simulated by assigning different values to the components of the eddy-
viscosity tensor. The eddy-viscosity terms in the momentum equations suppress
nonlinear instabilities generated by the convective terms, and nonzero eddy-
viscosity values are necessary for convergence of the numerical method to a
solution. The eddy-viscosity values can influence the results of a
simulation; however, optimum values are difficult to determine. In general,
increased values serve to increase water-surface slopes. It is also known
that eddy-viscosity values should increase with element size.

Flow components are specified at inflow boundary nodes, and water-surface
elevations are specified at outflow boundary nodes. In this study, zero
normal flow was specified at all lateral boundaries. Isoparametric elements
permit the use of smooth, curved lateral boundaries. The improvement in
accuracy obtained by using such boundaries, together with the specification of
zero normal flow (tangential flow) there, has been documented by Gee and
MacArthur (1978), King and Norton (1978), and Walters and Cheng (1978, 1980)
for the mixed-interpolation formulation of the surface-water flow equations.



Galerkin's method of weighted residuals, a Newton-Raphson iteration
scheme, numerical integration using seven-point Gaussian quadrature
(Zienkiewicz, 1977, p. 200-201), and a frontal solution algorithm using
out-of-core storage (Hood, 19276, 1977) are used to solve for the nodal values
of the velocity components and depth. The time derivatives are handled by an
implicit finite-difference scheme; in the application reported here, however,
only the steady-state forms of the equations were solved.

If a finite-element network is not well designed, errors in conservation
of mass can be significant because there are only approximately half as many
equations for conservation of mass as there are for conservation of momentum
in either the x- or y~direction. For a well-designed network, however, errors
in mass conservation are small. The model has the capability of integrating
the discharge across a line following element sides and beginning and ending
at element vertices. Thus, conservation of mass can be checked (King and

Norton, 1978).

The interested reader may consult the books by Pinder and Gray (1977) and
Zienkiewicz (1977) for additional information on the finite-element method.



DESCRIPTION OF THE STUDY AREA

General Site Description

The Congaree River originates at the confluence of the Broad and Saluda
Rivers at Columbia, flows southeastward for 51.5 miles, and joins the Wateree
River near the head of Lake Marion to form the Santee River. Both the Broad
and Saluda River basins are located in the Piedmont region of South Carolina,
with headwaters in southwestern North Carolina. The drainage area of the
Congaree River at Columbia, 1.7 miles above the study area, is 7,850 square
miles. Of this drainage area, 5,240 square miles are in the Broad River basin
and 2,520 square miles are in the Saluda River basin.

The reach of the Congaree River studied in this report lies between river
miles 166.9 and 173.1 (fig. 1). Zero river mile is defined as the mouth of
the Santee River. The reach is between 42.2 and 48.4 miles upstream from
where the Congaree River joins the Santee River. The flood plain expands from
a width of approximately 0.13 mile at the upper end of the study area to a
width of approximately 4 miles at the proposed Interstate Route 326 crossing
about 3 miles downstream (fig. 2). The streambed generally consists of
alluvial sands blanketed with finer soils. About half the flood plain is
covered with a combination of dense timber and underbrush. Most of the rest
of the flood plain is occupied by cultivated fields, interspersed among the
wooded areas.

The limited residential or commercial development on the left side of the
flood plain is partially protected by an earth-fill dike (Manning dike).
Existing encroachments include a small subdivision (River Bluff Estates) on
the right flood plain at the upper end of the study area, a private school
(Heathwood Hall Episcopal School) on the left approximately 1.1 miles upstream
of the proposed highway crossing, the city of Cayce sewage disposal plant on
the right approximately 1.1 miles upstream of the proposed highway crossing,
and the city of Columbia sewage disposal plant on the left approximately
0.3 mile upstream of the proposed highway crossing. Earth-fill dike systems
are in place to protect the city of Cayce and the city of Columbia disposal
plants during floods not exceeding the 100-year flood. The Seaboard Coast
Line Railroad tracks, which run generally north and south along the right side
of the flood plain, were determined to be above the water-surface elevations
produced by the 500-year flood.

Interstate Route 326 Roadway System

Interstate Route 326 (I-326) will be a part of the Southeastern Beltway
system, which extends around the south and east sides of Columbia. It will
connect I-26 on the southwest side of Columbia with I-77 and I-20 on the
northeast side (fig. 1). It will also serve the city as an additiomnal
crossing over the Congaree River.
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Table 3.--Water~-surface elevations (without and with highway embankments) and
backwater at various locations with the Manning dike in place for the

500-year flood

Water-surface Water-surface Backwater
Location elevation above elevation above as a result
reference Location sea level without sea level with of highway
nunber 1 highway embank- highway embank- embankments
ments (feet) ments (feet) (feet)

1 Location of maximum 147.7 148.3 0.6
backwater in main
channel

2 Location of maximum 146.2 147.4 1.2
backwater on flood
plain

3 Main channel at 146.4 146.7 0.3
twin bridges over
Congaree River?2

4 Cayce sewage 149.8 150.4 0.6
disposal plant

5 Seaboard Coast Line 147.1 146.9 -0.2
bridge over
Congaree Creek

6 River Bluff 151.7 152.1 0.4
Estates, south side

7 River Bluff 152.1 152.5 0.4

Estates, east side

llocation reference numbers are shown on plates 1 and 2.
2The water-surface elevation in the main channel at the twin bridges is an

average across the main channel in the case with no highway embankments and
an average across the bridge opening in the case with highway embankments.
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Relative Effects of the Highway Embankments

The two-dimensional model simulations were accomplished using the
500-year flood discharge without highway embankments in the flood plain and
with the highway embankments for I-326 and Twelfth Street in place. The flow
distribution, as a percent of total flow, through the bridge openings for the
500-year flood, as shown in table 2, is very nearly the same as the flow
distribution determined by Lee and Bennett (1981, p. 35) for the 1908 flood.
The model simulations for the 1908 flood discharge did not include highway
embankments for Twelfth Street; therefore, the Twelfth Street structure and
embankment may have little effect on the flow distribution through the bridge
openings.

Backwater created by the highway embankments was computed by subtracting
model water-surface elevations without the embankments in place from those
values computed with the embankments in place. Lines of equal backwater are
shown on plate 3. Backwater created by the highway embankments in the flood
plain east of Twelfth Street varies from 0.4 foot upstream from the main
channel bridges and River Bluff Estates to 1.2 feet at the junction of Twelfth
Street with the downstream side of the large island in the flood plain.
Water-surface elevations and backwater at various locations are listed in
table 3.

The embankments for Twelfth Street appear to have a marked effect on
backwater conditions in the flood plain as shown on plate 3. The Twelfth
Street embankments create a decrease in water-surface elevation ranging from
0.2 foot to 0.4 foot in the flood plain west of the embankment and an increase
in water-surface elevation, up to 1.0 foot, on the east side of the Twelfth
Street embankment.

SUMMARY AND CONCLUSIONS

The use of a two-dimensional finite-element model to study the hydraulic
effect of the I-326 highway crossing of the Congaree River near Columbia,
S.C., yielded a more detailed evaluation of flow distribution and water-
surface elevations than can be obtained by one-dimensional step-backwater and
conveyance techniques. The capability to describe topography, model
boundaries, highway embankments, and spur dikes using quadratic isoparametric
elements is an important advantage of the finite-element flow model. One of
the most troublesome problems in model application is the difficulty in
determining the amount of network detail necessary to avoid local errors. 1In
general the model gives reasonable results if a trial-and-error process of
network refinement is possible.
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The 500-year flood was simulated using the Manning dike on the left bank
as the left boundary and the right edge of the flood plain as the right
boundary. Although the Manning dike was breached during the 1976 flood, the
assumption was made for purposes of this study that this dike will be upgraded
to withstand the 500-year flood. This condition forces the maximum possible
amount of flow onto the right flood plain. Simulations were performed without
and with the proposed highway embankments in place. Detailed information was
obtained about backwater effects upstream from the proposed highway
embankments, changes in flow distribution resulting from the embankments and
velocities in the vicinity of the bridge openings. Hydraulic properties of
the bridges across the flood plain with the Manning dike in place are shown in
table 2. Water-surface elevations and backwater created resulting from the
proposed highway embankments are shown at various locations in table 3.

Water-surface contours and velocity vectors with the proposed highway
embankments in place are shown on plate 2. Backwater contours are shown on
plate 3. The results of the simulations show that the bridge openings along
the I-326 route should be adequate to handle the 500-year flood flow.

The Twelfth Street embankments create unusual and possibly excessive
backwater conditions. Backwater, created by the Twelfth Street or I-326
embankments, in the flood plain east of Twelfth Street varies from 0.4 foot
upstream from the main channel bridges to 1.2 feet at the junction of Twelfth
Street with the downstream side of the large island in the flood plain. A
decrease in water-surface elevation ranging from 0.02 foot to 0.4 foot occurs
in the flood plain west of the Twelfth Street embankment. At the present time
the Twelfth Street embankments are proposed for future construction and are
not part of the current I-326 highway construction project.
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